Objective and design To determine whether repetitive airway Pseudomonas aeruginosa (Pa) infection results in lung inflammation and injury and, if so, whether these responses are affected by Muc1 mucin. Muc1 wild type (WT) and knockout (KO) mice were compared for body weights, lung inflammatory responses, and airspace enlargement using a chronic lung infection model system. Materials Mice were treated intranasally with Pa (10 7 CFU) on days 0, 4, 7 and 10. On day 14, body weights, inflammatory cell numbers in bronchoalveolar lavage fluid (BALF), and airspace enlargement were measured. Differences in inflammatory responses between groups were statistically analyzed by the Student's t test and ANOVA.
Introduction
Pseudomonas aeruginosa (Pa) is an opportunistic Gramnegative bacillus causing acute and chronic infections [1] [2] [3] . In addition to being a primary pathogen in individuals with cystic fibrosis and bronchiectasis, Pa has also been implicated in stable chronic obstructive pulmonary disease (COPD) as well as during COPD exacerbations [4] [5] [6] [7] [8] . Whilst many of these patients suffer from severe tissuedebilitating lung inflammation that is induced by exposure to environmental contaminants, such as cigarette smoke (CS) and bacterial infections, the molecular and cellular mechanisms underlying chronic airway inflammation are unknown. Many recently developed experimental models of emphysema, whether smoking-related or not, show increased numbers of inflammatory cells of varying compositions in the airspaces [9, 10] . Clinically, both the severity of airway limitation and the rate of decline in pulmonary function have been associated with the degree of airway inflammation in smokers [11] , the numbers of macrophages and neutrophils in bronchoalveolar lavage fluid (BALF) of smokers with early emphysema [12, 13] , and the expression of matrix metalloproteases (MMPs) that may be responsible for tissue damage [14, 15] .
MUC1 (MUC in human, Muc in animals) is a transmembrane glycoprotein expressed in mucosal epithelial cells as well as hematopoietic cells [16] , and has been postulated to be involved in the regulation of cell growth [17] , differentiation, apoptosis, and inflammation [18] . Recently we showed that MUC1/Muc1 expressed on the surface of airway epithelial cells is an adhesion site for Pa [19, 20] , and that binding of Pa or its flagellin to Muc1 resulted in phosphorylation of its cytoplasmic tail (CT) and activation of the ERK1/2 mitogen-activated protein kinase [21] . These results suggested a possible role for MUC1/ Muc1 as a receptor for Pa. Our subsequent studies revealed that Muc1 knockout (KO) mice exhibited hyper-inflammatory response in the airways during acute experimental Pa lung infection, as evidenced by higher levels of BALF inflammatory cytokines and chemokines, and increased numbers of lung neutrophils, coincident with reduced levels of viable Pa in the lung [18, 22] . However, the possible involvement of MUC1/Muc1 in the pathogenesis of chronic inflammatory respiratory disease is unknown. Therefore, in the present study, we sought to determine whether deficiency of Muc1 expression results in more severe lung injury in a mouse model of chronic Pa infection.
Materials and methods

Materials
All reagents were purchased from Sigma-Aldrich (St. Louis, MO) unless otherwise indicated.
Animals
Muc1 KO and Muc1 wild-type (WT) mice (C57BL/6, female, 12-14 weeks of age) were used. Details of Muc1 KO mice were previously described [22, 23] . Muc1 WT mice were purchased from Jackson Laboratories (Bar Harbor, ME). There were no significant differences in the inflammatory responses to Pa infection between the WT littermates bred at our facility and those purchased from Jackson Laboratories (data not shown). Mice were housed in an air-filtered, temperature controlled (24°C), and pathogen-free environment with free access to food and water. All animal experiments were conducted in accordance with the guidelines provided by the Institutional Animal Care and Use Committees of the Temple University School of Medicine.
Pa lung infection
Pa strain K (PAK) was cultured in Luria Broth at 37°C for 16 h and an aliquot of the bacterial culture was cultured for another 2 h to produce bacteria at log phase. Bacteria were collected by centrifugation for 10 min at 6009g and resuspended in sterile PBS to 1.0 9 10 7 colony forming units (CFU)/40 ll. Mice were anesthetized by 1 min inhalation of Isoflurane (Vedco, Inc., St. Joseph, MO), and instilled intranasally (i.n.) with 1.0 9 10 7 CFU/40 ll. At various times post-infection, mice were sacrificed by CO 2 asphyxiation, the left lung was tied with surgical suture, and BALF was collected from the right lung using 3 9 0.6 ml of sterile saline containing 0.6 mM EDTA. The left lung was removed for homogenization and measurement of Muc1 protein levels, whereas the right lung was used for morphological and histological analyses. In experiments designed to measure airspace enlargement, the right lung was fixed without BALF collection as described below.
Differential cell counting of BALF BALF was subjected to cytocentrifugation and cells were stained with a modified Giemsa stain protocol using the Diff-Quick staining kit (Polysciences, Inc., Warrington, PA). Total leukocytes, neutrophils, macrophages, and lymphocytes were counted with a hemocytometer and expressed as the number of cells per high power field (HPF).
Immunohistochemistry
Paraffin-embedded 5 lm thick sections of the right lung were prepared as previously described [22] and subjected to immunohistochemistry for either alveolar and interstitial macrophages using rat anti-mouse Mac-3 antibody [24, 25] (1:250 dilution, BD Biosciences) or alveolar type II pneumocytes using hamster anti-Muc1 antibody CT2 [26] . The Vectastain Elite ABC kit (Vector Laboratories, Burlingame, CA, USA) was used for visualization with 3,3-diaminobenzidine as the chromogenic substrate. Five images per section were evaluated at random using two separate sections from each mouse. Results are presented as the average cell counts from 10 separate HPFs. Fluorescence immunohistochemistry for the localization of Muc1 in mouse alveolar epithelial cells was performed as described [26] .
Morphometry
Lung were perfused via cardiac puncture with 5 ml PBS followed by 10 % paraformaldehyde, inflated in situ by instilling 10 % formalin at a constant pressure of 25 cm H 2 O for 15 min, ligated and removed. The inflated right lungs were kept in 10 % formalin for 24 h before embedding in paraffin. Midsagittal sections were stained with H&E and mean linear intercepts (MLIs) were measured [27] . Ten images (109 magnification) per section were evaluated at random using two separate sections from each mouse. Major airways and vasculature were avoided to focus on peripheral parenchyma.
Western blot analysis
Lungs were homogenized in PBS (0.4 ml/lung) and cells were lysed for 60 min on ice with the RIFA buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1.0 % Nonidet P-40, 0.1 % sodium deoxycholate, and 1.0 % protease inhibitor cocktail). The lysates were subjected to Muc1 Western blot analysis as previously described with a slight modification [28] .
Statistics
Differences between groups were assessed using Student's t test for unpaired samples or one-way analysis of variance and p \ 0.05 was considered significantly different.
Results
Muc1 KO mice exhibit greater Pa-induced body weight loss compared with Muc1 WT mice.
Chronic airway Pa infection in mice results in body weight loss which has been shown to be associated with inflammation and not with pulmonary responsiveness [29] . Therefore, we initially evaluated body weights in Pa-infected and uninfected Muc1 KO and Muc1 WT mice. Animals were treated i.n. with PBS, or were infected with 1.0 9 10 7 CFU/mouse of PAK, on days 0, 4, 7, and 10 and body weights were measured daily between days 0 and 14. No significant differences in body weights between uninfected Muc1 KO and WT mice (Fig. 1 ). Animals infected with PAK displayed visible responses within the first 4 h of infection, including lethargy and breathing difficulties. These symptoms were manifested in Muc1 KO and WT mice, but gradually disappeared in both groups by 48 h post-infection. Animals treated with repetitive PAK infection showed an initial loss of body weight in both groups, with Muc1 KO mice exhibiting significantly reduced body weights following PAK infections at days 1, 2, and 3 post-infection (Fig. 1) . Muc1 KO mice also had significantly reduced body weights at days 12, 13, and 14 post-infection compared with Muc1 WT animals. No significant differences in body weights between Muc1 KO and WT mice following PAK infections were evident at any other time points. Reduced body weights following infections on days 1, 2, 3, 12, 13, and 14 in Muc1 KO mice compared with WT mice appeared to be due to less food intake and the effect on day 14 was correlated with greater lung inflammation and increased airspace enlargement at this time point (see below).
Muc1 KO mice exhibit greater Pa-induced lung macrophage numbers and greater airspace enlargement compared with Muc1 WT mice.
Our prior report demonstrated increased leukocyte numbers in the airways of Muc1 KO mice following acute Pa lung infection compared with Muc1 WT mice [18] . To extend these studies to the chronic Pa lung infection system, the numbers of inflammatory cells in BALF were determined in Muc1 KO and WT mice at day 14 posttreatment with PBS or PAK. No significant differences in total leukocytes, neutrophils, macrophages, or lymphocytes were seen between Muc1 KO and WT mice following PBS treatment (Fig. 2) . Following repetitive PAK infection, however, total leukocyte numbers were greater in Muc1 KO mice compared with Muc1 WT mice, which was primarily attributed to increased numbers of macrophages. BALF neutrophil and lymphocyte numbers were comparable in the two mouse strains. To confirm the increased number of BALF macrophages in PAK-infected Muc1 KO versus WT mice, lung sections were stained with an antibody against the macrophage marker, Mac-3 ( Fig. 3a-d) , and positively stained cells were enumerated. Greater numbers of Mac-3-staining cells were observed in Muc1 KO mice compared with Muc1 WT mice following PAK infection (Fig. 3e) .
Published evidence exists to suggest that MMPs released by macrophages during chronic airway inflammation, such as emphysema, degrade the extracellular matrix leading to alveolar destruction and airspace enlargement [14, 30] . Therefore, we hypothesized that increased macrophages in Muc1 KO mice following repetitive Pa infection would be correlated with greater airspace enlargement compared with Muc1 WT animals. The mean linear intercept (MLI) values between alveolar walls have been used as a measure of airspace enlargement in chronic inflammatory lung diseases [27] . Therefore, MLI values were determined in Muc1 KO and Muc1 WT mice at day 14 following repetitive treatments with PBS or PAK infections. Shown in Fig. 3f-i 
Repetitive Pa infection upregulates Muc1 protein expression
Our previous study using a single PAK infection of Muc1 WT mice revealed increased Muc1 protein levels in whole lung homogenates, reaching maximum levels between days 2 and 7 post-infection [22] . These results suggested that increased Muc1 expression in the setting of an acute Pa lung infection attenuated airway inflammation, allowing the return to a condition of preinfection homeostasis [31] . To determine if a similar mechanism may be operative in the chronic Pa airway infection model system, Muc1 protein levels were determined at day 14 following repetitive PBS treatments or PAK infections by a quantitative Western blotting procedure. As shown in Fig. 4 , Muc1 protein expression was increased by 80 % following PAK infection compared with PBS treatment. Tyrosine phosphorylation of Muc1 was not detectable in both samples (data not shown).
Expression of Muc1 in alveolar type II cells
Immunohistochemistry of paraffin sections of an untreated mouse lung with Muc1 antibody CT2 revealed the presence of Muc1 in type II pneumocytes (Fig. 5a ). Confocal fluorescence microscopy localized Muc1 on the cell surface (Fig. 5b) . There was no reactivity with either type I pneumocytes or macrophages.
Discussion
Although instillation of agar beads or alginate containing mucoid Pa is an ideal model for Pa infection because of its relevance to cystic fibrosis airways [32] [33] [34] , we chose to use repetitive PAK inhalation in this study because we thought this simple method should be sufficient to provide an answer to the key question-whether or not mice deficient in Muc1 exhibit greater susceptibility than WT mice to excessive inflammation. The results from this study clearly demonstrated that mice deficient in Muc1 expression have greater BALF macrophage numbers and increased airspace enlargement following multiple Pa infections compared with Muc1 WT mice. Muc1 KO mice also had decreased body weights at days 1, 2, 3, 12, 13, and 14 post-infection, compared with the WT mice. Thus, the results are identical with those from our previously described acute Pa infection model system [18, 22] , and support the existing theory that Muc1 plays an antiinflammatory role during airway infection [31] .
In the present chronic Pa infection model, the levels of both KC and TNF-a in BALF were consistently greater, whereas the numbers of live bacteria in lung homogenates were consistently less in Muc1 KO mice compared with those of WT mice at 8 h but decreased to undetectable levels at 2 days following each Pa infection (i.e., days 1, 4, 7, and 10) (data not shown). These results are almost identical with our recent report [22] with acute Pa infection. However, on day 14, the levels of major chemo/ cytokines (KC, TNF-a, IFN-c, IL-4, and IL-12) in BALF were not significantly different (p [ 0.05) between WT Fig. 3 Muc1 KO mice exhibit greater Pa-induced alveolar macrophage staining and airspace enlargement compared with Muc1 WT mice. PAK i.n. infections (1.0 9 10 7 CFU/mouse) were performed on days 0, 4, 7 and 10. On day 14, lungs were isolated for immunochemical staining to measure the numbers of macrophages using antiMac-3 antibody (a-d) as well as for H&E staining to measure airspace enlargement using mean linear intercept (MLI) (f-i) as described in ''Materials and methods''. Results of quantitative analyses are shown in 3E and 3J. Numbers of mice used for the representative sections were 5 for a-d, 3 for f-g, and 5 for h-i. Each bar represents the mean ± SEM value. *p \ 0.01. Scale bars = 20 lm for a-d and 100 lm for f-i. The results were reproduced in a separate experiment Fig. 4 Pa infection induces Muc1 protein expression. a Western blotting using anti-Muc1 antibody (CT2) was performed using whole lung homogenates from day 14 Muc1 WT mice following treatment with PBS (control) or PAK i.n. infections (1.0 9 10 7 CFU/mouse) on days 0, 4, 7 and 10. As a control, the blots were probed with antib-tubulin antibody. The molecular weight of prestained protein markers is shown on the right. b The density of each band was measured and the density of the Muc1 band was normalized to the density of the corresponding b-tubulin band. Each bar represents the mean ± SEM value (n = 3). *p \ 0.05 and Muc1 KO mice (data not shown) although the numbers of macrophages in BALF were significantly greater in Muc1 KO mice (Fig. 2 ) apparently due to an increase in influx and/or a decrease in clearance of these cells, possibly efferocytosis. Further study is needed to fully understand the mechanism for the increased numbers of macrophages in Muc1 KO mice.
Based on published data [18, 22, 35] , we postulate that increased airspace enlargement and greater macrophage numbers in Muc1 KO mouse airways occur through the following mechanism following chronic Pa exposure. Inhaled Pa activate innate immune pattern recognition receptors, primarily Toll-like receptors (TLRs) [36] , which in turn induce inflammatory responses through the release of soluble mediators, including KC (murine interleukin-8 [IL-8]), and tumor necrosis factor-a (TNF-a). As a result, macrophages are recruited to the lumen of the lungs where they clear the infectious bacteria by phagocytosis and release of MMPs and other degradative enzymes as well as reactive free radicals. Normally, in response to heightened TNF-a levels, Muc1 levels are increased [22, 35] , that suppress TLR-driven inflammation [37] [38] [39] and return macrophage numbers to their preinfection levels. In the absence of Muc1 expression, however, macrophage influx persists, leading to excessive release of MMPs, destruction of the extracellular matrix, and airspace enlargement. Since Muc1 is also expressed in alveolar type II cells (Fig. 5 ) [40] , the same sequence of events that were originally described at the level of airways [31] may be equally applicable at the level of alveoli in explaining airspace enlargement in Muc1 deficient mice.
Airspace enlargement is the major phenotype of COPD such as emphysema [41, 42] and is believed to result from an imbalance between the levels of proteases and antiproteases, more specifically MMPs and tissue inhibitors of metalloproteases (TIMPs) [42] . Proteases that are produced by infiltrating leukocytes include elastase, MMP-8, and MMP-9 from neutrophils [43] , and macrophage elastase (MMP-12) and cysteine and serine MMPs from macrophages [44] . Shapiro et al. [14, 45] demonstrated that CS-induced emphysema in mice does not develop in the absence of either neutrophil elastase or MMP-12. Thus, it is possible that one of these proteases, more likely MMP-12, may have been responsible for the airspace enlargement observed in the present study. On the other hand, it is also possible that airspace enlargement may have been due to the decreased production of TIMPs in the lung. The important role of TIMPs in the development of airspace enlargement has been demonstrated in a number of experiments including those using TIMP-3 null mice, mice exposed to CS with an increase ratio of MMP-12/TIMP-2, and alveolar macrophages from COPD patients showing lower levels of TIMP-1 [46] [47] [48] . Detailed analysis of MMPs and TIMPs in conjunction with airspace enlargement in Muc1 KO mice is currently under way in our laboratory.
In addition to the protease-antiprotease theory, apoptosis has recently been implicated as a central mechanism for airspace enlargement in COPD patients [49] . Airspace enlargement has been demonstrated in mice treated to induce lung cell apoptosis, such as intratracheal instillation of active caspase, or vascular endothelial growth factor (VEGF) receptor blockade [50, 51] . It is thought that ineffective removal of apoptotic cells on the alveolar wall induces autoimmune disease resulting in alveolar septal destruction [52] . Given the anti-apoptotic role of MUC1/ Muc1 [53] , the enhanced airspace enlargement in Muc1 KO mice in the present study might be due to an increase in lung cell apoptosis as a result of Muc1 deficiency. Further research is required to test this hypothesis.
In summary, the present study clearly demonstrates that mice deficient in Muc1 expression develop greater lung injury following multiple Pa infections as a result of greater inflammatory responses. Given that COPD is a chronic inflammatory disease mainly among smokers resulting from a failure to control inflammation, these results suggest the possible role of MUC1 in the genesis of COPD or other chronic inflammatory lung diseases. We postulate that either failure to upregulate MUC1 expression during inflammation [22, 35, 54] and/or a functional defect due to mutation(s) in the MUC1 CT domain may be responsible for the development of human airway inflammatory disease states such as COPD. Given that the anti-inflammatory effect of MUC1 requires its intact CT domain [18, 26, 37] , it may be possible that the MUC1 gene sequence corresponding to this region may be susceptible to mutation by chronic CS exposure [55, 56] . Should this hypothesis be proven correct, pharmacological manipulations of MUC1 or its cytoplasmic domain sequence might be a valuable approach toward the prevention and treatment of chronic inflammatory respiratory diseases such as COPD and cystic fibrosis.
